


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1994-12 


Thermal analysis of the Advanced Lightweight 
Influence Sweep System (ALISS) 
Superconducting magnet 


Pall, Phillip K. 


Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/28604 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
| (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist sia Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

ia) LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 
















































































































































































1 ' | a 1 as ee | v 7 ‘6, 2 2» 0° 4401 2b ve + wt Gaga ee 
1 ela 
mt we: @ 
ue . ath . 
a | on Uae “44 
. . ad 
. 5 ' 1 wires 4 4 | ] 
wet r) i? Aoatt ' 
‘ ' ' , e baa ny, ff ta a 4) shades, : 
5 ' af ' oy 
ot A sas i eres ea vane ‘sae isles ee 
it Te Le | t ' ea ig ete Sky re cares 
. rT] « ae Hh nies 1 pis, oan . eriag ' bar 
yeas Senne eLe  | a ‘ g$tqeg* sseane 
14 C0 a f] ‘ yey 
ton 1) 4 “6 prada . alas dees 
‘ tee of e ‘ as 4 #6 tedeatjeiad 
Oa : Us at ve 7 , ‘te Lose le ti 
LPs | ; 'enues 0 OF wa Dy a he 
. o 1 as : g ts « iia i Pipe . A wan wether ce ef rs 
. Tae Se ee aL ueleta gs Satta his ae «8 A ema ear coeere 
' t. » ? ; ' ‘ Ceo tel - de lchp Hawa, Of 
1 ¢t 1 « te Papen Paes 90 dnd tan & te Sa 
. . otoue fefxuw, cats tore Ant ee gests eat we. seth 
oe ' ' wg , 00408 ass Ho nti 
« . 4 1 « t« 1 a | 4A. wed 
0 - a AES gh eee Shaan PO ye oss 
. s P) . a 
iSer eb ec ieas dave rften 4 sie enc 
. so 4 « ' e La Ld ' ‘ ry 
. . oe ' ' 8 au ry ‘ ] ‘hg enn 1¢e auaheuyravacga tae a pte 
' ‘ o48 Cs Pe ome eer es Mee at F aie MY MRE be ie | otis 
iy . 4 tow 1 yor Volaweaes ry & or ae 54,84 & aca. 
. . ‘ ‘ ‘ ' hy a “mea 68Ly 
1 ' fie eure Hague “ng ' ‘ 
. ' . ' ont 4 s 4 
4 1 r 8 ' 1 va oof 
ue . r . bb ueted ye 
. . ‘ ' es o's Vat} 1 ad 
. 1 4 $ ous fe rig ‘ s 
1 . mn te 1 , ‘ ' i ' 
' Ca fee uy uae ee at lat oc Ce sac Cosine Bye oasgtane tree "POR a4 vis 
. mus BE “ ae ae hs 1 a Pay fahidre @ “ “se a 4 ov qosseeae & Perot ea 
' rs ot 1 1 to ' 4 1a bah et 9 Os ate Li segaret 
' 1 » @ om 1 OF wo R ae ow vs Vent at pag eee ot be} ARR A256 
' ‘ m4 1 oun 7) a ee $ veeane, ea 
Ces tee | 4 wim’ t 6 Aa) “eur rt ont 
. ar pene ttlgn & Sacer feb a 17 an Aen 8 F1* Ay ey O08 
mains ou oat 4 ous pelt nice 1 Mae ANODE Beth et Mets = * hs! 
' * ‘ 1 eee av, end Ae tobe Bets c foan ac eetane 
' ' . 1 al hte ‘ , t Aare te’ Homes We 
' ' ‘ i a Or | La taaieeasi 
. opt ' ' er ee 4 Ce ee Pl a 
1 te euro 18 ' ‘ 'bayat a es > 
ateve 4 & 415 
a 
a pin astig ©& ie Pee 









Oe ban at) 


alee 


en 

4 oes . 
t@saf oe 
‘ veh aye aa ay 
felsd 8 0 Fre as 
a 












da inietet BY 
eer ith 
oN SMe ebet La tebe be Seat 
ag FB. KA “2 ee 

SEP i ee Shed 4 me 
Fag 

ae 

Lien 






tei a tne tnenareres 















see ted is" sing tt ae 
















a 
Fa. 



























Cr Pe, ‘4 Qo hed ane dex ie.savesip ls pheno) re 
fl moots ‘A «. ry 13 phe ota, : ito 08 4 ebay 
70,4 ; af at Ae ee coe 








































' ud ie62 
" Paria a a Netasat ae a 
4 i ' aha 
{ ne a DU tar fanaa feb TSN O.F pe hed ite 





Ae A.D ob he- mim ober Lent Sobor She al tel 
PE ie oF ea) AP abet rte t yt! Be rit eats 
Tal 488 SF ret yt es wg mes 

wath . at feta) Fave, mae 
Pah «@ @ede*tH von he Mp 
nae Sb, -Koee Perse ry Che, 






















, Pa cone 
ibe Sis aie iltht 
































ry «ue ' “48 1. 4 1 1 » OH ’ ¢ ' 
1 ot 1 ' ‘ a ot ea Ler | ° ' as ry . s of ak : rT . cP wrem ther 
ee Cay ee, Ua ' orn FSU eey oh eaessliag aT ps 
te ' ' 
ita ' 
a Ots ' 
' er i] ' 1 ot ar Saar 
Se es Pgh sysheh Aesth 
a pelos ' ‘ 2 Wa mtd twa . 
” ‘Baa! Fy bite 4 x Sates a 
york be ae cil'er “puss A Rakes Eos” oan ohana we 







Tee. 404 Ga%e Fas oa 


sau teyaares tee 


LA 







rei 
“in a, 
ant bal te, 












eus 


a a fa SNE se 







ste | 
jareds 
aa . 













ay 
one »! TS deduas este the Fok 
A teecteeld npr oleae 


Le Te. 
och Sagat ign ts Z 


Pte S 
uate 45 4. 
aes 1. "afte Geha 














et ’ 
ta’ ooye a SRT ae fans a 0 
a Pots a 
« 
re 


aee es oat? ome 
on“ 8 *.4 














ate 
fay 
itat 

























atten yt ge 
@ 2 th avers 
a, 
ty | 





are et ©, 
Soi it 


i a 


i t sateasnec, 
4m. 6 4 4 





ha ebb ots é 
tse ogee” 





°fte ib heey 
Py ae | 






s 
aya 
A ea "sen 


et 
oh Gk Pedy WW: 


* 
Fee, 0h & be ar 


® Abeabeas 2 
‘, =F pes 















ae 
bP Qs tenet" 
Fegdit 







ie a | 























at aed qea fs S8 dee7sh g6* 
reel geese Asi vet 4@ ape 
Teatryy | 1 @thPocewn a o #00 . 
Sok Lar aoe «* fay “cote ararhd,? y gees S1@ «7 
oe s e tee 41 pee 0, e ae | fe « fos We se,€ 8 
e 1 60 sm 8 hb ane Sa eg qae g yh ALA betange Sate 8s 









q tre dasa o an ieee 


ts 
se efea ge os © Yee cae ® “t 
‘ ‘ 6 ae" 20RrF6 as 4 























































































. 3 * > 
sa eae, a teh te ‘ iste fea 8 wea ead ATi) ° She ate M Met. tet t8tes* wii 
a" t @e 6h one oe ® dat © ehpgg! co atts « 1 Wary GF Males raged Gagrerecete Beeee Ft) ah*! 42% Gate 
o ate #8 cy OWene petites é agg? Aye: are “a; aL Se gerard: srewige 
rer) a fe! 2a Et of LeGry & a "degre m @ He > wee res Sat ae 
. . «at eee 6a4* “ aa ry 
o oyretys *% 0 ‘ +] we ‘s < RIT ee | “at wa 8 rs 
ime ve * * m4 6 ahh ye ‘cs 
‘ Yee quad meee : “et LX * % 4 bers G2 are? om ets" ger ata 2 
¢ 6 Pe ee en ee | aaa ages actee tt gist Fa a fs 
e960 . 





AAOOis 0 SO wigtg 8 gat Ft a 


yemeey vw Leo Seer AC Sir) ete @ 







° eg ted obe 4 of * 8 wut * 9 wee a 46 $ 
ao 6 Ofaas | « a ¢ Biers, re 
ver#tat O88 "g "Ret Faveg ong ede 


Retire re 
sy. ok > 2 ate 
Oceee pe g faa 










AUQS €tr ae 
on ster 

eq fs + » aw 
Gag ba ra H ae n “yeas a Pe © Ge 




















2 S6rte eee, 


2. EI AT te, & 









































































































RASS SE 
* @ Seteeucat ge aueag ea te Fiede g 5] 5 2 wyeet gaeer “we Ot ted ee | 189 thaw ~ ck tetas 
ofan ¢ 2% oftheir a 8 yo Fieve ey = =F Os Wey ares et # tee Cher ar deeeesez 2 ng 
yori ‘ P a dah cn oe eA as Soler nt te mPa . a APEZ AS 56a cs weitere et ri abe Sg 3 a 
temped Ved al Le ety 1g jhe 4d gaat: yy Dhar te te Sd bad Sees = 
{haces vee ; ere raete fie ret ees | ey pe pa “pte te 
. “- 
ode -* 4 Po sak ee ate fas a ety eee) Sah ke he 
' A Sratontepes aver Rar magnetite rreteie, ary "fiat at 
ono Dun em ser at se tetas oat glee fae ceeg ae ¢ “6 ging 24909 TEM ar Ee ok wy She ath ob tad att > 
Sty sent ae O60" a 6 e@ One gag 2. i, - “ 1@ cof Secmaet Tatetteie cenged CY a tot Pen O° eaten: & Sgtat 463 ig’ ie FE. oo KE ee 
et erp eet The CereGe ae are a 8 ee Bs soni wire sapere 3 shy: plies 
$ a 









oe «an,. Mae: 
ten « Nvebseer 




















Yo Gee gh dt ge wetem y 









































4 ' 2, 
‘ oberg Oc ele tag tataee tee ben ? St te Pp ae Fade orea thee abtzte i Wy + arte ome 6 & 
. te PV ores go emery 8G 8 og ash vy is it Opens see Tee pp Ac Yt et ape? “eterrse s elpoastbeea 
tag 41 se greaqe 0¢ ata tag t "ys dea Orta ce quttwe ieee 1826 ge syeas 2 Matand = ste we Fa Mse Wyty 
oe? aape yt algeatacie thy wotye cy.wens s9ge 8 rt £7, Sg erees, Abe eth rf 
hal ar «gio “8 <98e Are e5 Bae 


vee? rays. 
Ree Si Ponces 









wt 
‘a9 






. pees ry 
af ‘ 
ot pf a of 





Rp ea 
se rte sal 
asege Tie ii cate oie 37 


















<< emt 
engtp gener at 









1.6 e538 leon 2 7Fah ae eeenge 8 arqaTNt Beds ase" tees a aya Vogt v a money" ee evar 
wel 8 cP ice de, ROS peg! oR atti gts Y ‘ 
fea ah ore x etie™ 6% anges f7 Pee wteme rae 
cule Dyas 










Tye Spc 4 8 Oe EY BOVE NN I 





4} 
pete ax re ime & doce we « se ‘er, 















aS Pox) 27h hoe Te Sean ens -¢ ‘ae, 
fins 3 ees Ait egeraced eles es 
L000 OM EEE, yee Stereaey, orrttres Pister, of ay rt ee fare oe AS Coane Gobet * Poteet 







ei 46" F arOYy 
Hate gee gaya 


2 Buze Shoe, 


ou ¢ tee tg0teet ey sere otge Ma Sri cestae = 0F 
bray ,6 1%s oreta FY Viepeges atte Fetes at on te8 Br u Fut otdee’ Heda, 
Oe Cae F Uta etedarmad sat, ety tery « ie TAPe? TEEAe 8 oe 

pity a8 eage ty aq ag 6 iF “ aren sone geese oop t pia 





eT tse, <a =, 










































et ts wi oaurree. £ eetvars on Yai ok Fath ae SRA EA peace eats 
1 tems a4, em bata gay em , 7 
Ae os v rates q ete stats eines rive wanes enere : 
“ 












mike 6 la 
vasehts tes 


Pier rk dtp ee ppooargges Dard nee agrere yy 
























Sy se 
Ce ak oe ery | 1 ; (deeea gee roa tieres pia Phy iy wr 7 Tyte detec ge ged Oe Ht ene a nm e* erent 
i ee Do <r ft ® Ua) na “FRM 6 5 a et! bee gad deve ag He tad eo ot gs Craretac4 ayes! 0 <a. ¢ 
efwe ti ow ’ «ye * 34 t ores fenet 
‘ . . ase tantecte, ‘ 
















































































































© on a 
ae « wuts FF gb ’ pe © wrhigee 
ane re i) weet « Pye r fies rear ft nlates proms Nig area, sacye it: x 
‘ ite ¢? “ Vee "— ga epee omy gracg tye 4 aw ba ee genre en 2 sd ja oe" 
st"s ‘ Pp ha dB rehwees Rie pe lado 25 1299945 wae Brent sige Ht pe rae peg s8 gee 
' 10° @ < gat ‘& ony? of ” Hlaty Wee ¥ OLE. F nya ste 
sOo8 @ate at ot fc 8g Se AY or Cath a . fae my eg shy e 2 ves ¥ 2% te file 4° cep egnss 9 
Oe ae a ave gh te tasers eh apieep eee Epes eye ee centy 
ot gs toe o «o gett i fy reebepi velar wep erey e «prey pacts 
Cte at ‘ veh tf ¥""™ enetye ei penegsas acety: 
Le | . ae ee ee | 9 ‘ Abe meg 4th spe es oats toe ? 
mes C32 se 4p meets russia on ? Mot eee ae 
’ eae ee ' a ” ne ane, ere foaston ged. fof aeet = ) f: sire gt 
o 3 ‘ He) aon ating (ey Wee alee a yguin rae 4: 454, ad am eAaiye sone ge i ° ' 
CIEL PES a8 = alt Neal oo a Ooh otto neta Yano aan Mend Pag cet ata by i ’ sib igs Htee-ayyy OM 
' eo. oe theopen att aener o putin ¢ PARE mAt ® IM dee yeh et be sige a S99 "8 wey wala: bald 
rs . 


CO Re ee de a ay Tal 
a i outy ae 
arte ae Be yee ty 











ese “aig! ty ead att 
Ah OFefc "Bie | EF 
t * i ater 



































































































































































r a 3 
we s0e tee ace wserr st Str oe seek alec) pres p 
ot geo ter, ¢@ otek bee ‘ ae a - "O-%e gir ‘ ' sents 1 “ Aot 1s ae 8 4° aqewes Gilet eo ween 
* ® Lod) ‘, ' cA | ‘ . ed. a 2 eee aeneany ta ¢ Ak ay 3, nieiee my AAAS a) i Bhool a Paty soe oo at ey rare oe Pa ee 
bd ee pee e ce ge at ten fe ak gly rer ole tegiet fave yg tn oe we “as tee 2EeTe y yt oe 
s Peaa *¢e1 ¢ «6 « gees . he” eee ow » * » ehttrnata « i Ot ptr oe Ohate ahh g ater geen ! «8% 9 OTF es (He tee . wigs ettgedes sey 2 «Pim gt as oe eyo 
‘ os 18 on os? y@e ta er ae ee . eve Fey noe t af |] ge OF gt okt tte 4 Re Ue “ne aL Sey he Une worcee é Fe 
tee a | t ad £ jeese Ogcere fay elmariets - Tak STON "re “bay eaten ; opel 
+ ‘ bed gee, si) eed ie 5 Gu A tdelroa goeta ot to ght ey © " - tuettes, caine eee 
. | 2 tye eo get te @ Fa oe . 6 Oeyep 8 “as etteaig ° iY te figment tary yey sie a rte ot + cate 
’ fre oa ba toe . oe ans o. eer) ihe il Rape eat ere "ewes . rater et ete ie a ag 
* s erie oo @:fee oe onuuet 4 wae I< 59 4oy taee COLD Ee ibn s [Peed ‘ats er t yeiatynts ten am age | ey ove ewttty Ta OTE Ie UE pala LY ot fe 
oo 6 x peed 2 0 6 e60 Sie wale sree see “paren ‘ none Cee fay Pe H iigind Gee tte U8 OP ay a CET Std ee ay ees 4 -o9y TSS hess en Ee teeth oes 
¢ bs oysoce Ue a ge elas ! ‘ NE as eré 5 aye “pay eels Par rd | j K Sarglicqeccsaiers Men Gites Tae ho? 108019 G18 Pr 
eae ee *¢ ee we os @6 Jaee ep #8 i a ie veh r] get rae OS Se . veer i YoU sate oy 
® a ’ or or’ doo eh yg te ee etter gs The ay 2 Sesayt 2g Fore! Lies nt Ves tyig: bs Lake | igs ¥ 
agf os fe fea ' m ra r) pire aree aa ¥ Po eels» ates A Pethes Ct 
‘ ‘ « vin gutter byaiyes UD ef ‘: ae seh pigs fe 
| If a . of Ula 4) La "ge tat oa yt ira ryt) isVer i « rd . janeet 
‘ 4, a ae on « ane i . « ” LeU ra ihe ne “means , vvasler, * sles ae AMA te” am gore 
ta 


' | Camm a lethal C45 








ngewe 
iit gts wie 


Ae ead Let be oe He 
acgza cal 


rine 7d 





= gesgnney/7e y 
(atte tlete foe 
































































































Ei 3 Aare hy Pee 
” oe ‘ of Chased 
! A 44: ante wu que ny ralph 
ee «4 “4 " 4 ¢ Prmptied sce Biarteey ae oe eee 
de . te *e 9° a? a6 a0 fru a fie ne 4" Pai fest aq" <7 o een! Me cpa pret’? 
eet . ’ mar tats TWhaseg site ge ‘oss yan es pelndte Meats wg're aati? i b4 Pee 
« ¢ ae et ae ere ths © ey ont ane greet } Nadds ayseenee 
- ’ i’ y ar ee" 0 sad enses Se Achegtore fa sath tee tod teat Lame > dL) oat 
Le Ad s 1 hay # ayace qPtat ima ¢ eeu att a. ae Sy 
‘ ae 8 ’ an a ie i's A oo ro ae Mie co cutis inthe me yrs frat see 6a, ae bie 4 
Hs AN oon ferattglie  euiaye ¢ TLS wet he aig ete st 
«ose AU te Alc ta ah "ots otey ‘Ce, a ney no aby ae aul Korey Satds pe ger Waa Egy Vite thwre’ 
_ ‘ z aie oc8t | bugle We msg tse 0 5 7 ay et ies meme then ¢ 
‘ ed bs nen tg ge eet setters t ss hae way eryf,8 tress? Fr weet facie 7 a'e “ ae 
. hoy iwc 44a 1 ettretuse ms Gr ne asap y Aimee ee i 
FY as ° “hee qeee ee Pde We ) ba pedes of? oe 24 Sages aa tied res fy! anes ig gant) Map rye a a PE Nybedys ‘bette 
oe ote ‘ ftire eg aed a afeas ont oe, to fen eer fegtmeceest Pe ‘ Hay oy: Tota 
' -6 a6 a ei i oe 1 oP ‘ ¢ ' . _ . _ 
F ao ae y, , Cae sae ees . ' hea toe « ae wine te ahaa é: gl habe a yee « sts ‘ite id B Fr i; yp coyat at 
Chava be E " w8 gee ae ve ae 6 S aeuaen OMe slenegaies andar dig ¢ al 

















REPORT DOCUMENTATION PAGE 


Public reporting burdea for this collection of information is estimated to average | bour per response, including the time for reviewing instruction, searching 
existing data sources, gathering and maintaining the data nceded, and completing and reviewing the collection of information. Send comments regarding this 
burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, 

Directorate for Information Operations and Reports, 1215 Jefferson Devis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management 
and Budget, Paperwork Reduction Project (0704-0188) Washington DC 20503. 


AGENCY USE ONLY (Leave blank) | 2. REPORT DATE REPORT TYPE AND DATES COVERED 
December 1994. Master’s Thesis 
i4. TITLE AND SUBTITLE : THERMAL ANALYSIS OF THE 5. FUNDING NUMBERS 


ADVANCED LIGHTWEIGHT INFLUENCE SWEEP SYSTEM 
(ALISS) SUPERCONDUCTING MAGNET 


AUTHOR PHILLIP K. PALL 


PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING 
Naval Postgraduate School ORGANIZATION 
Monterey CA 93943-5000 REPORT NUMBER 


9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 


11. SUPPLEMENTARY NOTES The views expressed in this thesis are those of the author and do not reflect 
the official policy or position of the Department of Defense or the U.S. Government. 


12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE 
Approved for public release; distribution is unlimited. 


113. ABSTRACT (maamum 200 words) 




















A steady state thermal analysis of the superconducting magnet (SCM) in the Advanced 
Lightweight Influence Sweep System (ALISS) was performed using commercial Finite Element 
Modeling (FEM) software. Cryocooler interface temperature from a no-load performance curve 
and uniform heat flux due to radiation, conduction and instrumentation heat leaks were input as 
the boundary conditions. Two major cases were examined: one with instrumentation heat flux 
dispersed around the SCM and one with instrumentation heat flux concentrated. Both resulted in 
the SCM staying within temperature specifications. A separate group of exploratory cases 
determined the heat flux values that "quenched" the SCM, causing cessation of superconductivity. 








15. NUMBER OF 


PAGES 
50 


16. PRICE CODE 


20. LIMITATION 
OF 


14. SUBJECT TERMS: Superconductivity, Superconducting Magnets, 
ALISS 




























19. SECURITY 
CLASSIFICATION 


18. SECURITY 
CLASSIFICATION 


17. SECURITY 
CLASSIFICATION 
OF REPORT OF THIS PAGE OF ABSTRACT 


Unclassified Unclassified Unclassified UL 


NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Std. 239-18 298-102 


ABSTRACT 








Approved for public release; distribution is unlimited. 


THERMAL ANALYSIS OF THE ADVANCED LIGHTWEIGHT 
INFLUENCE SWEEP SYSTEM (ALISS) SUPERCONDUCTING MAGNET 


by 
Phillip K. Pall 
Lieutenant, United States Navy 


B.S., United States Naval Academy, May 1986 


Submitted in partial fulfillment 
of the requirements for the degree of 


MASTER OF SCIENCE IN MECHANICAL ENGINEERING 


from the 


. ; 





ABSTRACT 


A steady state thermal analysis of the superconducting magnet (SCM) in the 
Advanced Lightweight Influence Sweep System (ALISS) was performed using 
commercial Finite Element Modeling (FEM) software. Cryocooler interface 
temperature from a no-load performance curve and uniform heat flux due to 
radiation, conduction and instrumentation heat leaks were input as the boundary 
conditions. Two major cases were examined: one with instrumentation heat flux 
dispersed around the SCM and one with instrumentation heat flux concentrated. 
Both resulted in the SCM staying within temperature specifications. A separate 
group of exploratory cases determined the heat flux values that "quenched" the 


SCM, causing cessation of superconductivity. 
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I. INTRODUCTION 
A. U. S. NAVY MINE COUNTERMEASURES 


Historically, the United States Navy has had a great deal 
Sfeeaditficuity in maintaining its capabilities in mine 
countermeasures (MCM). For example, nearly thirty years 
passed before the USS AVENGER (MCM-1) class began to replace 
the Korean War MSOs (Ocean-going Minesweepers) [Ref. 1]. 
Though the U. S. Navy has always advocated a balanced fleet, 
the composition of that balance depends on the perceived 
threat. During the Cold War, when MCM competed for scarce 
resources against higher priority programs, it typically came 
out the loser [Ref. 2]. However, since the collapse of the 
Soviet threat, and with unpleasant memories of several Persian 
Gulf mine incidents, the U. S. Navy is placing MCM among its 
highest priorities. 

Ranging from the acquisition of new ships and aircraft to 
revision in doctrine, training and organization, the Navy is 
moving to create a more capable and responsive MCM force. The 
MCM force required by today’s focus on the littoral 
environment that encompasses the coastlines of some 122 
nations [Ref. 3]. Despite the end of the Cold War, the 
MOessibility of U.S. military intervention in response to 
regional crises has far from diminished. Amphibious assault 
and itS Supporting strategic sealift are considered more 
important than ever [Ref. 4]. Unfortunately, the threat from 
sea mines has become more lethal. Sea mines pose a grave and 
proven danger to surface vessels, especially during littoral 
warfare operations. The breakup of the Soviet Union promises 
to accelerate the transfer of mines to Third World countries, 
some of which have long threatened western naval forces ([Ref. 
5]. All contact and many influence type mines are readily 
available for sale from a number of sources to nearly any 


country that wishes to use them. Influence mine casings can 


be manufactured out of practically any material and are easily 
disguised as rocks or bottom debris. Quite sophisticated 
devices can be produced in simple workshops by a nation having 


relatively limited technological and financial capability 


[Ref. 6]. Though the improvement and refinement of existing 
MCM equipment continue, a revolutionary rather than 
evolutionary move must be made. Current magnetic influence 


mine countermeasures systems suffer from serious limitations 
and disadvantages given the expanding threat [Ref. 7]. To 
keep ahead of this threat, the Navy is applying new technology 
in the development of MCM. One such program is the Advanced 
Lightweight Influence Sweep System (ALISS). It uses 


Superconducting magnets to sweep magnetic influence mines. 
B. SUPERCONDUCTIVITY 


Superconductivity is a phenomenon in which a material 
conducts electricity without resistance. This was first 
observed in 1911 by Professor Heike Kamerlingh Onnes of the 
University of Leiden in Holland. In working with @@mezeu 
mercury, he had originally thought that electrical resistance 
would decrease continuously with falling temperature and then 
vanish at zero degrees Kelvin. Instead, he found mercury’s 
electrical resistance disappeared sharply at 4.15 degrees 
Kelvin. The existence of a new state of mercury, 
characterized by the absence of electrical resistivity, was 
recognized by the scientific community and termed the 
Superconducting state. In 1913, Professor Onnes was honored 
with the Nobel Prize in Physics for his’ discovery. 
Unfortunately, progress in the comprehension and application 
of superconductivity soon fell to a slow but steady crawl. 
The modern theory of superconductivity was developed in the 
1950s by three American physicists: John Bardeen, Leon N. 
Cooper and John Robert Schrieffer. The B-C-S theory explains 


that a superconductor has no electrical resistance because of 


an attractive interaction between its electrons that results 
in the formation of pairs of electrons. These "Cooper pairs" 
are bound to one another and flow without resistance around 
impurities and other imperfections. In an ordinary conductor, 
resistance occurs because its unbound electrons collide with 
imperfections and then scatter. In 1972, all three physicists 
received the Nobel Prize in Physics for their work. [Ref. 8] 

Over a thousand metals and compounds are known to exhibit 
Superconductivity. Each material has a three-parameter 
envelope defined by critical values of temperature, electrical 
current density and magnetic field intensity within which 
Superconductivity occurs. Changes in one parameter affect the 
other parameters and the total result can be the cessation of 
Superconductivity. Depending on the application, the 
cessation of superconductivity can be disastrous. In a 
charged superconducting magnet, any local rise in temperature 
above the critical temperature can soon create a runaway 
process in which the magnet will "quench." Any region of the 
SCM above the critical temperature will transform back to its 
normal resistive state. Joulean heating occurs due to the 
current flowing through the resistive region which spreads 
through the SCM causing a propagative increase of resistance 
and more subsequent Joulean heating. If the current supply is 
not immediately switched off, portions of the magnet can melt 
and cause catastrophic damage. [Ref. 9] 

The critical currents and critical fields for the metals 
Onnes and his contemporaries were uSing were very low and 
prevented any useful application of superconductivity. The 
interest in superconductivity intensified in the early 1960s 
with the discovery of "high-field" superconductors. These 
were capable of keeping their zero electrical resistance in 
large magnetic fields well above 100 kiloGauss’' while 


Simultaneously transmitting usefully large currents. [Ref. 10] 


Work toward overcoming the heat transfer and material 
science obstacles involved in expanding superconductivity to 
a wider range of applications is well underway. Cryocoolers, 
super insulation and other heat transfer related components 
have significantly decreased the temperature at which we can 
maintain the superconducting state. Similarly, metallurgists 
are studying ways to improve the mechanical strength of the 
new breeds of high critical temperature superconducting 
materials [Ref. 11]. Advances in superconducting technology 
over the last twenty years have made it feasible to build a 


superconducting mine countermeasures (SCMCM) system. 
C. ALISS SUPERCONDUCTING MAGNET 


The U. S. Navy discussed using superconductivity in mine 
countermeasures as early as 1970 [Ref. 12]. ALISS now 
represents the premier research and development effort toward 
deploying an SCMCM system to the fleet. ALISS provides the 
dual capability to sweep both acoustic and magnetic influence 
mines. An acoustic subsystem contains the equipment necessary 
to transmit acoustic signals into the water to detonate 
acoustic influence mines. The magnetic subsystem will contain 
the part of ALISS that defeats magnetic influence mines. The 
magnetic subsystem’s basic components are the refrigerator 
unit, electrical current unit and the cryostat. 

Though many earlier superconducting magnets were kept 
cold by immersion in liquid helium, ALISS uses direct thermo- 
mechanical connection via a cryocooler interface between the 
SCM and an external refrigerator. Thus, the ALISS 
superconducting magnet is cooled solely by conduction. This 
change solves the logistical burden of supplying liquid helium 
to the deployed unit. There are two cryocoolers used in the 
refrigeration unit. Each is a closed-cycle two stage device, 
with the first stage being at the higher temperature. 


Cryocooler number one cools the SCM. Cryocooler number two 1S 


dedicated solely for intercepting any conductive heat leak 
coming through the electrical current cables. This has been 
made possible by the recent development of refrigerators with 
the demanding low temperature performance required by ALISS. 

The cryostat maintains the necessary environmental 
conditions to achieve superconductivity. The cryostat 1s a 
cylindrically shaped assembly containing the actual SCM 
Structurally mounted to resist shock and vibration in an 
insulated vacuum chamber. It is composed of an aluminum outer 
shroud, radiation shields and layers of super insulation. 

The SCM, as seen in Figures la and 1b, can be thought of 
MeeeewoO concentric circular cylinders. Its dimensions are 
listed in Table 1. The inner circular cylinder is the 
aluminum inner bobbin. This is what the outer circular 
cylinder, the magnet, iS wrapped around. The magnet is 
composed of a continuous strand of copper clad niobium- 
titanium (Nb-Ti) wire in an epoxy and fiberglass matrix. The 
copper cladding serves as a thermal and structural stabilizer. 
Nb-Ti is the most common and well-understood material for 
Superconducting magnets. Nb-Ti offers a compromise between 
mechanical properties and superconductive properties. It 1s 
more ductile than other SCM materials, such as niobium- 
Zirconium and niobium-tin. Therefore, it is easier to 
manufacture and fabricate into magnets but still has a 
Satisfactory critical temperature of 10.5 K. [Ref. 13] 

The cryocooler interface is connected to the aluminum 
inner bobbin along a 20 degree arc length of its outer edge as 
shown in Figure 1a. Another small arc length of this edge is 
where detachable electrical current leads are connected during 
minesweeping operations. The opposite outer edge of the 
aluminum inner bobbin is a structural support interface with 


the cryostat. 
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Figure la: Diagram of SCM (Top View) 
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Figure 1b: Diagram of SCM (Side View) 
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Table 1: SCM Component Physical Dimensions 

Heat leak by conduction occurs through this intereaee 
The majority of the exposed outer surface of the SCM 
experiences a radiant heat flux. Instrumentation used in the 
monitoring of SCM parameters serves as a final heat leak path. 
The locations for this heat flux in the ALISS design have not 
been specified. Consideration of this fact leads to the 
analysis of two general cases for the location of the 
instrumentation heat flux. The dispersed case applies the 
instrumentation heat leak over a large number of elemental 
faces in the magnet‘’s outer circumference. The concentrated 
case applies the heat leak on two adjacent elemental faces in 


the outer circumference cf the magnet. 
De OBJECTIVE 


The objective of this thesis was the thermal analysis of 
the superconducting magnet (SCM: designed for the U. S. Navy 
Advanced Lightweight Influence Sweep System (ALISS). ALISS is 
a research and development projzect to build a mine 
countermeasures system depioyable onboard LCACs (Landing 
Craft, Air Cushion). It will sweep both magnetic and acomeeuws 
influence mines. The thermal analysis was conducted using the 
NISA family of commercial finite element (FEM) Sopma eee 
provided by the thesis sponsor, Annapolis Detachment, 


Carderock Division Naval Surface warfare Center (CDNSWC). 


II. FINITE ELEMENT MODEL 
A. GENERAL 


All of the geometric and finite element modeling was 
conducted using NISA (Numerically Integrated elements for 
Systems Analysis) software. NISA is a family of commercially 
available programs using standard numerical methods to solve 
Meemeseructural and heat transfer problems [Ref. 14]. Thermal 
conductivities can only be entered in NISA for functions ina 
cartesian coordinate system. However, the magnet material in 
the SCM is an anisotropic material. It is orthotropic with 
three different thermal conductivity functions in a 
cylindrical coordinate system. NISA’s inability to handle 
Smee nOLropic thermal conductivities in a cylindrical coordinate 
system created a ceiling on the maximum number of nodes that 
could be implemented in the model. 

The local coordinate axes for each node in the model had 
to be individually rotated a particular angle about the global 
cartesian coordinate z-axis. The rotation angle was that 
angle required for the node’s local cartesian coordinate x- 
axis and y-axis to coincide with its local cylindrical 
coordinate azimuthal axis and radial axis respectively. Each 
node’s local carteSian z-axis was already equivalent to its 
local cylindrical coordinate z-axis (axial direction) due to 
the chosen orientation of the model. im Ootcner worsas, the 
local cartesian x-y plane and the local cylindrical r-@ plane 
were always coplanar. Rotating each node’s local cartesian 
coordinate axes was the only way to correctly model the 
@iemmal conductivities in NISA. Unfortunately, NISA could 
only manage approximately 4100 nodal axes rotations. This 
restricted the thermal analysis to a coarser mesh than would 
have otherwise been utilized. Additionally, the nodal 
rotation angles had to be manually typed into the NISA input 
file since DISPLAY III did not support the axes rotation 


command entry. This hampered the ability to experiment with 


a large number of different mesh arrangements. 
B. GEOMETRIC MODEL 


This steady state thermal analysis will focus solely on 
the situation where current is not flowing in the electrical 
cables. Therefore, symmetry about the cryocooler interface 
allows the bisection of the SCM into two semicircular 
cylinders. This greatly simplified the geometric and finite 
element modeling. Figures 2 through 4 reiterate the locations 
of all of the SCM’s main features on the semicircular cylinder 
used in the FEM analysis. The perspective of these figures 
are the same ones that will be used for the color temperature 
profiles. The items modeled in the semicircular control 
volume were the magnet, the aluminum inner bobbin, the 
cryocooler interface and the instrumentation interfaces on the 
outer circumference of the magnet. The magnet was modeled as 
an orthotropic material in a cylindrical coordinate system, 
with three different temperature dependent thermal 
conductivities in the axial, radial and azimuthal directions. 
The aluminum inner bobbin was modeled as an isotropic material 
in a cylindrical coordinate system with a single temperature 
dependent thermal conductivity. The functions for the 
magnet’s axial and radial thermal conductivity and the 
aluminum inner bobbin’s isotropic thermal conductivity 
functions were all provided by NSWC, Annapolis [Ref. 15]. As 
recommended by NSWC, the function for the magnet’s azimuthal 
thermal conductivity was formulated using the low temperature 
thermal conductivity data of series-1100 aluminum [Refs. 16 
and 17). This was based on their experimental results being 
very Similar to the aluminum data [Refs. 18 and 19]. Table 2 
lists these temperature dependent functions. The functions 


are valid over a temperature range from 4 to 30 Kelvin. 


10 


Radiation Heat Flux Boundary 
Condition on surfaces of magnet 
and aluminium inner bobbin 





Symmetry Planes 
Heat Flux = 0 








Cryocooler Interface 
4 Flements. 


re = ree 





Figure 2: Wire Diagram of View 1 of Bisected SCM 
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Figure 4: Wire Diagram of View 3 of Bisected SCM 
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Coefficients for Eqn. of Form: K = a + bT + eT + aT =aem 


O 20624 4.8E-02 N/A N/A N/A 
Magnet 0 16334 9. SESGe N/A N/A N/A 
Radial 


-67 cae eae N/A 








~ OF Acc 





Table 2: Thermal Conductivities for SCM Components 


The SCM model was created using the DISPLAY III portion 
of NISA (Ref. 19]. The magnet and the aluminum inner bobbin 
were» first structured by linking together Sisug0eeeee-— 
atimuthal sectors. NISSA refers to these azimuthal secmomen 
hyperpatches. A custom mesh of 3-Db solid parabolic elémemes. 
each containing 20 nodes, was arranged to maintain nodal 
continuity while still remaining within the bounds imposeeue 


ee a Pee z pe ae SR ek oer a an Gena eles va 
the cvlindrical: cooragdinate itimictationrs c= NiS=. The numeoee 
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eeaial elemental divisions was kept at four throughout the SCM. 
The magnet and the aluminum inner bobbin had different numbers 
of radial elemental divisions; two in the aluminum inner 
bobbin and three in the magnet. The number of azimuthal 
elemental divisions was varied over the six hyperpatches. An 
attempt was made to have a higher density of elements, and 
thus nodes, in the hyperpatch containing the cryocooler 
interface. Therefore, six azimuthal elemental divisions were 
placed in the cryocooler hyperpatch, reducing to five 
divisions in the next three hyperpatches and finally four 
divisions in the last two hyperpatches. Figure 5 shows how 
the number of elemental divisions and nodal densities varied 


in the model. 
C. BOUNDARY CONDITIONS 


The boundary conditions used in the thermal analysis 
were developed from information provided by NSWC, Annapolis. 
This included a table of heat leak contributors and their 
values and a cryocooler no-load performance curve (cooling 
M@iedeity in Watts vs. temp. in degrees Kelvin) for the 
cryocooler. The cryocooler no-ioad performance curve 1s 
miemudea as Figure 6. The table of heat leak contributors 
Mmeeeeesn 1.5 Watts for heat leak into the SCM during the 
aMitial cooling process from higher temperatures. This was 
disregarded under the assumption that this study handled an 
already cooled SCM. 

The radiation heat leak from a 35 K environment into the 
SCM was assumed uniform over all exposed surfaces of the 
Meremmec and aluminum inner bebbin. The only portions of the 
Surtace area of the control volume not exposed to radiation 
meme ne circular edge or the structura. support end of the 
Peemeim inner bobbin, the cryocooler interface and those 
areas on the outer circumference of the magnet selected to 


represent instrumentation heat leak paths. The conductive 


heat leak through the structural support interface on one end 
of the aluminum inner bobbin was also assumed uniform. Since 


the SCM 1s enclosed in the cryostat in a vacuum, there 1S no 
convective heat transfer. 
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Figure 5: Arrangement of Elements 
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Selection of the instrumentation heat leak path gave rise 
to the two major cases of this study: 

1) In the dispersed instrumentation heat flux case, 
one outer facing element in each of the six azimuthal sectors 
was designated an inStrumentation heat leak path. Dini s 
equates to twelve total instrumentation heat leak paths in the 
actual non-bisected SCM. 

1i) In the concentrated instrumentation heat flux 
case, one outer facing element in one of the azimuthal sectors 
was designated an instrumentation heat leak path. This was 
the sector diametrically opposite the sector containing the 
cryocooler interface. This equates tS two total 
instrumentation heat leak paths in the actual non-bisected 
SCM. Additionally, it was adjacent to the plane of symmetry. 
In the actual non-bisected SCM, the two elemental faces 
combine to form a single area of instrumentation heat flux. 

The previously discussed limitations on nodal density 
prevented a more realisitic modeling of the instrumentation 
heat leak paths. The instrumentation heat flux elemental faces 
should have been on the scale of the cross section of typical 
instrumentation wiring (approximately 10-20 cm*). This would 
have resulted in a higher instrumentation heat flux for the 
same value of heat leak. In this regard, the concentrated 
instrumentation heat flux case (Inst. heat flux elemental face 
area of 116 cm*) is more realistic than the dispersed case 
(average inst. heat flux elemental face area of 196cm?). 

Boundary conditions were modeled in NISA as elemental 
heat flux in W/m*. They were obtained by dividing each heat 
leak value in Watts by the applicable surface area (in m’) of 
its heat leak path boundary on the non-bisected SCM. A 
negative elemental heat flux value in NISA equates to heat 
leak into the element. Zero W/m* values were entered on the 
elemental faces in the plane of symmetry. The boundary 


condition at the cryocooler interface was not a heat flux, but 
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a specified nodal temperature in degrees Kelvin, based on the 


cryocooler no-load performance curve. 
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III. RESULTS 
A. GENERAL 


In both of the two major cases the temperature in the SCM 
stayed well below the quench temperature of 11 degrees Kelvin. 
The results of each of these major cases will be presented by 
three different graphical views of the SCM’s temperature 
profile and appropriate interpretive discussion. The views 
were selected to provide a look at the key areas of the SCM. 
The intent of the commentary is to link the characteristics of 
the SCM and the case boundary conditions with what is seen in 
the profiles. 


B. DISPERSED INSTRUMENTATION HEAT FLUX CASE 


The maximum temperature reached in the SCM is 4.491 K, 
occuring at a node in the outer circumference of the magnet. 
Figure 7 shows view 1 with the cryocooler interface and the 
effect of its low temperature on adjacent elements in both the 
aluminum inner bobbin and the magnet. The isotherms in the 
aluminum inner bobbin are striped in the axial direction 
because of the isotropic nature of that material’s thermal 
Senmauctivity. Seen in both the upper and lower symmetry 
plane, are axial isotherms curved radially inward because of 
the instrumentation heat flux on the outer circumference of 
the magnet. Figure 8 shows view 2 and the structural support 
interface side of the aluminum inner bobbin. The effect of 
this conductive heat leak path does not appear very dramatic. 
Figure 9 shows view 3 of the SCM with bands of constant 
temperature running in an azimuthal direction on the outer 
Circumference of the magnet. This illustrates the dominance 
of the azimuthal component of the magnet’s' thermal 
conductivity, which runs parallel to the Nb-Ti wires. This is 
also indicative of the effect of dispersed areas of 
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Figure 7: Dispersed Instrumentation Heat Flux Case 


Temperature Profile (View 1) 
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Dispersed Instrumentation Heat Flux Case 


Figure 8: 
F Temperature Profile (View 2) 
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Figure 9: Dispersed Intstrumentation Heat Flux Case 
Temperature Profile (View 3) 
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instrumentation heat flux. The temperature gradient 1s much 
greater in the axial and radial directions which run 
perpendicular to the wires. The differences in the axial and 
radial temperature gradients, though slight, are attributable 
to the rectangular shape of the Nb-Ti wires. The long axis of 
the 1.0mm by 0.5mm Nb-Ti wire is aligned parallel to the axial 
direction of the magnet. This results in the axial thermal 
conductivity being about twice that of the radial thermal 


conductivity for any given temperature. 
C. CONCENTRATED INSTRUMENTATION HEAT FLUX CASE 


The maximum temperature in the SCM is 4.460 K occuring, 
again, in the outer circumference of the magnet. The same 
general observations can be made on this case’s temperature 
profiles as were made on the dispersed case. Figure 10 shows 
view 1. The lower symmetry plane isotherms near the 
cryocooler interface are no longer curved radially inward. 
They are nearly straight across in the axial direction. This 
is because there iS no longer any instrumentation heat flux 
elements in that hyperpatch. The upper symmetry plane, 
however, has an isothermal pattern with increased gradients 
and gives evidence of the presence of the concentrated 
instrumentation heat flux element. Figure 11 shows view 2 and 
an apparent decrease in the radial gradient as compared to the 
dispersed case. This makes sense based on the absence of the 
high heat flux boundary conditions along the outer 
circumference of the magnet. Figure 12 shows view 3 and the 
thermal pattern on the outer circumference of the magnet, 
which reveals the location of the instrumentation heat flux 
element. The high temperature isotherms are grouped in the 
[meper azimuthal sector of the bisected SCM. The majority of 
the outer circumferential elemental faces are at a constant 


temperature. 
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Figure 10: Concentrated Instrumentation Heat Flux Case 
Temperature Profile (View 1) 
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Figure 11: 
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Concentrated Instrumentation Heat Flux Case 


Temperature Profile (View 2) 
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Figure 12: Concentrated Instrumentation Heat Flux Case 
Temperature Profile (View 3) 
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D. EXPLORATORY QUENCH CASES 


The heat leak values used in the two major cases are only 
preliminary design estimates given to NSWC by the ALISS design 
@emeractor. It was considered beneficial to explore what 
levels of these heat leaks would quench the SCM. The values 
of instrumentation heat leak, radiation heat leak and 
conductive heat leak were each separately raised until an SCM 
nodal temperature reached approximately 11 K. In each of the 
exploratory cases, two of the heat leak values were held 
constant at the preliminary design estimate value while the 
third heat leak value was raised. The instrumentation heat 
flux locations of the concentrated instrumentation heat flux 
case were used. Table 5 shows the results of these 
exploratory cases. Noteworthy is that, as total heat leak 
increased, the cryocooler interface temperature increased as 
obtained from the no-load performance curve. The AT between 
the cryocooler interface temperature and the highest 
temperature in the SCM remained fairly constant at less than 


1 degree kK. 


Heat Leak Variable 


Cryocooler Heat Leak Value at 
Interface Temp. Quench 


Instrumentation 10.6 K 1044 Wy 
Heat Leak 

Radiation Heat 10.5 K 10.3 W 
Leak 


Conduction Heat One Kk 10.6 W 
Leak 





Table 5: Exploratory Case Results 





IV. DISCUSSION 


Mime results of this thesis have established a foundation 
and background for future NPS heat transfer study of the ALISS 
SCM. 


A. CONCLUSIONS 


= the cryocooler is able to maintain the SCM below the 
quench temp. 

2 the highest temp alwaysS occurred near _ the 
instrumentation heat leak boundaries. 

- the current version of NISA is not well suited for 
thermally analyzing orthotropic materials in a cylindrical 


coordinate system. 
B. RECOMMENDATIONS 


- further research should examine transient conditions 
during the initial cooling down of the SCM or during minesweep 
operations. 

- use software able to accept orthotropic thermal 
conductivities in a cylindrical coordinate system, so that a 
finer mesh can be used. 

- if a finer mesh can be used, remodel the 
instrumentation heat flux elemental faces to reflect the 


cross-sectional area of typical instrumentation wiring. 


3] 
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